Cut shoots of guayule (Parthenium argentatum Gray) were treated with four inhibitors of the glycolate pathway (a-hydroxypyridinemethanesulfonic acid; isonicotinic acid hydrazide, glycine hydroxamate, and amino-oxyacetate, AOA) in order to evaluate the role of photorespiratory intermediates in providing precursors for the biosynthesis of rubber. Photorespiratory CO2 evolution in guayule leaves was severely inhibited by AOA. Application of each of the four inhibitors has resulted in a significantly decreased incorporation of '4C into rubber fractions suggesting that the glycolate pathway is involved in the biosynthesis of rubber in guayule. However, the application of each of the glycolate pathway inhibitors showed no significant effect on photosynthetic CO2 fixation in the leaves. The inhibitors individually also reduced the incorporation of labeled glycolate, glyoxylate, and glycine into rubber, while the incorporation of serine and pyruvate was not affected. The effective inhibition of incorporation of glycolate pathway intermediates in the presence of AOA was due to an inhibition of glycine decarboxylase and serine hydroxymethyltransferase. It is concluded that serine is a putative photorespiratory intermediate in the biosynthesis of rubber via pyruvate and acetyl coenzyme A.
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Much of the early work on biosynthesis of rubber and its regulation has been made in the laticiferous systems of Hevea braziliensis (2, 3, 5) . However, in the last decade, renewed research has been directed toward establishing guayule (Parthenium argentatum Gray) as an additional source to natural rubber. In contrast to Hevea latex, the major deposition of rubber in guayule occurs in the parenchyma cells of the stem and root, while in the leaves the quantity of rubber has never exceeded 0.5% (3, 14) . Hence increased experimentation is essential to establish the biosynthetic mechanism of rubber formation in guayule. This is expected to lead to a better understanding of various control mechanisms involved in rubber biosynthesis.
Even though recent studies have placed much emphasis on the role of chloroplasts in isoprenoid production ( 15) , the exact nature of the precursor used for rubber formation is unknown.
A direct carbon flow from the primary photosynthetic product to isoprenoid compounds has been shown to exist in the chloroplasts of higher plants (4, 6, 7) . Among the several functions ofglycolate pathway in higher plants, an in the formation of chloroplast terpenoids is of greater interest (9, 15, 23) . The intent of the present investigation is to examine the role of carbon from the photorespiratory cycle in providing precursors for rubber biosynthesis in guayule.
MATERIALS AND METHODS Radiochemicals were obtained from either the Amersham Corporation or from Bhabha Atomic Research Center, Bombay. The a-HPMS2 was obtained from Fluka, Switzerland, and was recrystallized twice from 25% ethanol before use. INH, GH, AOA, and all other biochemicals were purchased from Sigma.
Guayule plants (Parthenium argentatum Gray) var 1591 were grown in 30 cm pots under natural photoperiod. Plants received full solar irradiance for most of the day in an 11 h photoperiod. The maximum light intensity (PAR, 400-700 nm) available at the top of the canopy was 1800 to 2000 zE m 2s-' on a clear day. Daily maximum and minimum air temperatures had ranges 29 to 33°C and 17 to 22°C, respectively. The present investigation was carried out during the winter months (November to January) of 1985 to 1986. The average daily maximum and minimum temperatures during this period was 31 and 17°C, respectively. Two to 3-year-old plants were used in the present study. Anatomy of stem sections showed that the majority were filled with rubber having been through two winters. Analysis of 2-year-old plants showed that they contained 5.8% (dry weight basis) rubber. The cyclic nature of rubber accumulation was evident, as significantly high rate of rubber accumulation was noticed during winter months (November to January).
Photosynthesis. CO2 exchange rates in the leaves (usually second or third from the top of shoots) were measured according to Monson et al. (18) , with an IRGA (Analytical Development Company Ltd., England) using open gas circuit system. A plexiglass cuvette (4 x 4 x 0.5 cm) was used as the photosynthetic chamber enclosing the lower and upper surfaces of the leaf. Air entering into the photosynthetic chamber was humidified and maintained at constant temperature (30 ± 1VC) by bubbling through water. Air flow containing 340 Id/L CO2 and 21% 02 was adjusted to 0.4 L/min. After preillumination for 30 to 40 min, CO2 depletion by leaves was monitored until a steady state was recorded. Illumination was provided by halide flood lamp behind a water screen. CO2 exchange rates for individual leaves were repeated two to three times on different individual shoots.
Photosynthetic Glycolate oxidase was measured polarographically at 30°C (12) . Glyoxylate reductase was assayed by following the oxidation of NADH (16) . Glutamate:glyoxylate aminotransferase and serine:glyoxylate aminotransferase were assayed according to Rehfeld and Tolbert (22) .
Leaf mitochondria were isolated and purified on a Percoll/ sucrose gradient (24) . The activities of glycine decarboxylase were determined by the method of Shingles et al. (24) . SHMT was assayed according to Taylor and Weissbach (25) Protein content was estimated according to Lowry et al. (17) using BSA as standard.
RESULTS
The proportion of '4C incorporated into triose phosphates, hexoses, glycine and serine after 3 min of photosynthesis by actively photosynthesizing (37 mg dm-2h-') guayule leaves is given in Table I . The incorporation of carbon into amino acids, particularly into senne (18.9%) was significantly high when compared to glycine (8.2%). Activities of various enzymes in the leaf extracts of guayule involved in photorespiratory pathway were assayed and presented in Table II . The activities of aminotransferases, glycine decarboxylase and serine hydroxymethyl transferase were comparable to those reported for other higher plants. In order to elucidate the effects of different photorespiratory inhibitors on rates of photosynthesis and the rates of CO2 evolution in light were monitored in the leaves ofguayule (Table  III) . The application of each of the inhibitors showed little effect on CO2 fixation in guayule leaves. However, among the four inhibitors tested, AOA was highly effective in inhibiting the photorespiratory CO2 release. The effects of the photorespiratory inhibitors on "4CO2 incorporation into rubber in guayule shoots are depicted in Table IV . Again, AOA was highly effective in reducing the '4C-incorporation into rubber. Time course of 14C-labeling of rubber has further confirmed the effect AOA which indicated ca. 60% inhibition of label incorporation (Fig. 1) .
Radiolabeled photorespiratory intermediates were effectively incorporated into rubber (Table V, Fig. 2 ). The incorporation of [2-`'C]pyruvate and L-[U-"4C]serine was highest followed by (2-'4C) glycine (Table V) . The incorporation from [-"'4C]glyoxylate (Table  V) . Figure 3 illustrates the inhibitory effect of AOA on the activities of glycine decarboxylase and SHMT. Glycine decarboxylase was more sensitive to AOA than SHMT.
DISCUSSION
The results described here provide for the first time evidence for the role of photorespiratory intermediates in generating precursors for rubber biosynthesis. These studies with photorespiratory inhibitors indicate that a portion of the carbon is drained from the photorespiratory carbon oxidation cycle into rubber. The labeling pattern of glycine and serine during photosynthesis was presumed to be a reference system for photorespiratory carbon oxidation activity (20, 26, 27) . The high labeling of serine observed in the present study is in agreement with the preliminary findings of Keithly and Benedict (1 1). However, the significance of high amounts of serine synthesis in guayule needs further investigaton. Studies with the 14-C-intermediates of photorespiratory cycle (Table V) have further confirmed that the pathway of glycolate metabolism is intimately associated with the rubber biosynthesis. None of the inhibitors used had any effect on the incorporation of either serine or pyruvate into rubber fractions. It is believed that the serine production from glycine may be an important step for the possible flow of photorespiratory carbon into the rubber biosynthetic chain. AOA and GH are the known inhibitors of glycine decarboxylation and similarly INH has also been known to inhibit the reaction only at high concentrations (13, 27) . The drastic inhibition in the incorporation of the labeled intermediates by glycine decarboxylase inhibitors suggest a positive role of serine in providing early precursors for the biosynthesis of rubber in guayule. The incorporation of certain photorespiratory intermediates into ,8-carotene via isoprene has been previously observed in greening maize seedlings and in the leaves of Hamamelis virginiata (10, 23) . The inhibition of glycine decarboxylation by AOA was due reduction in the activities of glycine decarboxylase and SHMT in isolated mitochondria (Fig.  3) , glycine decarboxylase was significantly more sensitive than SHMT. The inhibitory action of other compounds on various enzymes was not shown due to multiplicity of sites of action and variable concentrations used for optimal rates of inhibition.
The data in the present study indicate the role of serine as the major precursor for isoprenoid biosynthesis in guayule. The incorporation of serine into chloroplast terpenoids via acetyl CoA has been shown to be due the cleavage of serine to pyruvate mediated by serine dehydratase (8) The observations in the present study indicate that eventhough the stem portion of guayule is the major site of rubber accumulation, the leaves play a major role in providing precursors for rubber biosynthesis. Our results also indicate that in presence of photorespiratory inhibitors, '4C02 may not be diverted entirely to hexose formation but some amount of carbon is directed for isoprenoid biosynthesis via serine-acetyl CoA-IPP chain. It is conceivable that early precursors (not sucrose) of rubber are produced in the leaves of guayule (via glycolate, glycine and serine) which are then transported into stems for polymerization.
The results from this study highlight the role of photorespiratory intermediates in providing precursors for isoprenoid biosynthesis in the leaves of guayule which thus implicate glycolate metabolism in the production of secondary metabolites. Finally, the results clearly indicate a close association between ph6tores-piration and rubber biosynthesis in guayule.
